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Attorney Docket No. 97283

SYSTEM AND METHOD FOR CALCULATING THE DIRECTIVITY INDEX

OF A PASSIVE ACOUSTIC ARRAY

STATEMENT OF GOVERNMENT INTEREST
[0001] The invention described herein may be manufactured and
used by or for the Government of the United States of America
for governmental purposes without the payment of any royalties

thereon or therefore.

BACKGROUND OF THE INVENTION

(1) FIELD OF THE INVENTION

[0002] The present invention is directed to passive acoustic
arrays. In particular, the present invention is directed to a
system and method for calculating the directivity index of a
passive acoustic array with directional sensors in an isotropic
noise field, and to provide an efficient way to create, modify,
and model any array geometry for the purposes of determining the
directivity index of the array as a function of array geometry,
sensor geometry, sensor to sensor spacing, and number of

sSensors.



(2) DESCRIPTION OF THE PRIOR ART

[0003] Passive acoustic arrays are a necessary component of
an underwater vehicle’s sonar system. In order to better
develop the technology of passive acoustic arrays, it is
necessary to develop a system and method for calculating the
directivity index of an acoustic array. There are several prior
art methods that calculate the directivity index of an array of
sensors. The inputs to these prior art methods include the
geometry of the array, the number of sensors, shading
coefficients for each sensor, sound speed of the operating
medium, and the array steering. The prior art methods are
limited to array geometries with simple shapes such as a line,
plane, cylinder, or sphere, and capable of addressing arrays
with point receiver sensors only. In addition, prior art
methods calculate the directivity of each sensor within the
array as frequency independent and limited to either an omni-
directional or cosine function dipole response. What is needed
is a system and method for calculating the directivity index of
a passive acoustic array that can factor in complex sensor and
array geometries and can provide a directivity index that is
also frequency dependant and not limited to either an omni-

directional or cosine function dipole response.



SUMMARY OF THE INVENTION

[0004] It is a general purpose and object of the present
invention to disclose a system and method for calculating the
directivity index of a passive acoustic array that can factor in
complex sensor and array geometries.

[0005] It is a further object of the present invention to
disclose a system and method for calculating the directivity
index of a passive acoustic array that is also frequency
dependant.

[0006] It is a further object of the present invention to
disclose a system and method for calculating the directivity
index of a passive acoustic array that is not limited to either
an omni—direcfional or cosine function dipole response.

[0007] The above objects are accomplished with the present
invention by a software system and method that calculates the
sensor directivity at all spatial angles, and stores these
-values in a two dimensional matrix. These values are then used
as additional “weighting” coefficients in the equation for the
pressure detected by an array of directive sensors. The
azimuthal and polar angles of a particular sensor normal vector
are used to “rotate” the sensor directivity matrix to account
for the angular orientation of each sensor within the array.
The software system receives as input sensor and array geometry,

shading functions, sensor shape, array structure baffling,



steering, and shading. A sensor can have the shape of a point,
line, plane, volume, baffled ring, or circular plane piston.

The sensors within the array can either be baffled by the array
structure or retain their free field directivity response, and

array as a whole can have steering or no steering.

BRIEF DESCRIPTION OF THE DRAWINGS
[0008] A more complete understanding of the invention and
many of the attendant advantages thereto will be more readily
appreciated by referring to the following detailed description
when considered in conjunction with the accompanying drawings,
wherein like reference numerals refer to like parts and wherein:
[0009] FIG. 1 is flow chart which represents the necessary
steps of the method to calculate the directivity index of an
array of sensors;
[0010] FIG. 2 is an illustration of the sensor and array
coordinate system;
[0011] FIG. 3a and 3b are illustrations of a properly aligned
array axis for two possible orthogonal orientations of a baffled
ring within an array of ;
[0012] FIG. 4 is an illustration of the azimuthal and polar
angles of the sensor’s normal vector defined in the array’s

coordinate system;



[0013] FIG. 5 is an illustration of the preferred embodiment
of the graphical user interface.;
[0014] FIG. 6 illustrates the three required dimensions of
the baffled rings.
[0015] FIG. 7 illustrates the sensor array data in matrix or
spreadsheet format;
[0016] FIG. 8 illustrates the frequency data in matrix or
spreadsheet format;
[0017] FIG. 9 is a beam pattern from the cosine array
example.

DETAILED DESCRIPTION
[0018] Referring initially to FIG. 1, there is shown a flow
chart 10 which represents the steps of the software method to
calculate the directivity index of an array of acoustic sensors.
It is assumed that the array is operating in an ideal isotropic
noise field with a perfectly correlated signal relative to an
omni-directional receiver. The first step is to create a
virtual model of the sensor array. 1In a preferred embodiment,
the virtual model of the sensor array is generated by a computer

program using the following equation for the pressure detected

by an array of directive sensors A,:

M _ B )
Aa (ga_ gs > ¢a i ¢s ) = Z He(gem ’ ¢em )wmellxm (kx_kn e (ky % )+zm (k: . )] (L)

m=1



Equation(l) pertains to a generic array of directive sensors and

is modified depending upon the type of sensor used and other

relevant operating parameters. The subscript a denotes the

acoustic array; 6, and ¢% are the azimuthal and polar angles,
respectively, relative to the array coordinate system as

illustrated in FIG. 2; 6, and q@ are the steer angles in the

azimuthal and polar directions, respectively; M is the total
number of sensors in the array; subscript e denotes the acoustic
sensor; H, is the additional weighting coefficient to account for
the directivitf of each sensor; w, is the shading coefficient of

h

the m" sensor; and X, Y., and Z. are the coordinates of the m"

sensor relative to the array’s coordinate system.
[0019] The term H, is dependant on the azimuthal and polar

angles of the m"

sensor with respect to the array’s coordinate

system. These angles 6,, and q@m = are described by the

following equations:

B et __sin ¢,[sin(6, -6, )} -
COS nm Sln ¢d [cos(gﬂf" a 9{] )] . Sln ¢ﬂ'l’ﬂ COS ¢ﬂ

and

¢,, = cos™'[sing,, sing, [cos(8,, - 8,)]-cosg,, cosg, | (3)



where 0,, and q@m are the azimuthal and polar angles,

respectively, of the normal vector for the m" sensor.

[0020] The azimuthal and polar angles of a sensor’s normal
vector have defined ranges. These are defined using both the
sensor and array coordinate systems. The angular position of
the sensor’s normal vector within the array coordinate system is
relative to its position within the sensor coordinate system.
The range of the normal vector azimuthal angle within the array
coordinate system is 0 to 180. The range of the normal vector
polar angle within the array coordinate system is -90 to 90.

The azimuthal and polar éngles of the sensor’s normal vector as
defined in the array coordinate system are shown in FIG. 3. The

wave numbers are as follows:

k, = ZcosOsing, (4)
(]
@ . =

k, =?sm6'sm¢, (5)

k, =—aicos¢, (6)
c

where @ is the frequency in radians/second, and ¢ is the speed

of sound in meters/second. The subscript is dropped from the

angles 6 and ¢lbecause the wave numbers are the same for the



sensor and the array. The steer orientation of the array of

acoustic sensors is given by:

k. =gcost90 sing,, (7)
c

ky: =200590 sing,, (8)
c

km=2005¢0. (9)
c

When there is no array steering, ks=Kks=ks=0.

[0021] A system user will define the geometry of the virtual
array of sensors with the necessary values for each of the
variables in equation (1) or modified versions of equation (1)
as described below. The primary objective when defining the
geometry of the model is to have the sensors properly oriented
in the array. In the present system, the geometry of the model
is defined using the coordinate systems of the sensor and the
array. Both coordinate systems must be considered
simultaneously to obtain proper alignment of the sensors within
the array. The sensor and array coordinate systems are shown in
FIG. 2. Lowercase labels and the subscript “e” are used to
signify the sensor’s coordinate system and its variables;
uppercase labels and the subscript “a” signify the array’s
coordinate system and its variables.

[0022] Proper orientation of the sensors within the array

depends on two conditions: the direction of the sensor’s maximum



response axis (MRA) within the sensor coordinate system and the
alignment of the array’s axis within the coordinate system.
When modeling sensors with omni-directional point receivers, the
MRA of the sensor must be directed along the xe.-axis of the
sensor’s coordinate system. For all other sensor types,
including sensors with cosine function directivity, baffled
rings, and circular plane pistons, the present invention
automatically directs the sensor’s MRA along the x.-axis.

[0023] The alignment of the array’s axis within the array’s
coordinate system depends on the orientation of the sensor. If
the xe-2z. plane of the sensor is parallel to the axis of the
array, the axis should be collinear with the Z-axis of the
array’s coordinate system. If the Xe-ye plane of the sensor is
parallel to the axis of the array, the array’s axis must be
collinear with either the X- or Y-axis of the array’s coordinate
system. Examples of a properly aligned array axis for two
possible orthogonal orientations of a baffled ring within an
array are shown in FIG. 3a and FIG. 3b. Note that the MRA of
the baffled ring in each figure is directed along the x.-axis.
[0024] The next step in the method to calculate the
directivity index requires defining the coordinate system
parameters. In a preferred embodiment, the user enters the
sensor and array geometries into the virtual model using both a

graphical user interface and external data files such as



spreadsheet files. The graphical user interface is used to
define the sensor’s parameters, but only for sensors with
cosine-function directivity, baffled rings, and circular plane
pistons, not for sensors modeled with omni-directional point
receivers. An external sensor data file is necessary when a
sensor is modeled with omni-directional point receivers. The
graphical user interface is also not used to define the array
geometry. A required array data file is used to define the
geometry of the array.

[0025] To model sensors with omni-directional point
receivers, the sensor data file must contain the geometric
spacing and shading values of each point receiver in a matrix or
spreadsheet format with rows and columns. The program reads
only the first four columns of the sensor data file. All other
columns may be used for computational space. The first three
columns list the xe-, ye—, and z.-coordinates of all the point
receivers; the fourth column contains the shading coefficient of

each point receiver. When every sensor within the array is
omni-directional, EL(QM,Q%m) = 1 at all spatial angles for every

sensor and equation (1) becomes the simplified case for an array
of omni-directional point receivers.
[0026] The array data file is a required file that contains

array parameters, such as the geometric spacing, normal vector

10



angles, and shading coefficients for all sensors within the
array. The array data is arranged in a matrix or spreadsheet
format with rows and columns. The program reads only the first
six columns of the array data file. The first three columns
list the X-, Y-, and Z-coordinates of all the sensors. The
fourth and fifth columns contain the azimuthal and polar angles,
respectively, of the normal vector for each sensor. The sixth
column contains the shading coefficient of each sensor.

[0027] The azimuthal and polar angles of a sensor’s normal
vector have defined ranges. These are defined using coordinate
systems for both the sensor and the array. The angular position
of the sensor’s normal vector within the array’s coordinate
system is relative to its position within the sensor’s
coordinate system. The range of the normal vector azimuthal
angle within the array’s coordinate system is 0° to 180°. The
range of the normal vector polar angle within the array’s
coordinate system is -90° to 90°. The azimuthal and polar

angles of the sensor’s normal vector position are shown in FIG.

4. The variable 8, is the azimuthal angle of the sensor’s normal

vector, and q% is the polar angle of the sensor’s normal vector.

[0028] After defining the array coordinate system parameters
and the sensor coordinate system parameters for omni-directional

point receiver sensors, the next steps involve defining sensor

11



coordinate system parameters for sensors that are not omni-
directional point receiver sensors. In a preferred embodiment
of the invention, sensor coordinate system parameter data for
sensors that are not omni-directional point receivers sensors
are defined using a graphical user interface. A preferred
embodiment of the graphical user interface for the present
invention is illustrated in FIG. 5. The system user can enter
the name of the input file containing the array data or use the
Browse button at the top of the graphical user interface screen
to select the file name. The user can then use the remaining
graphical user interface options to define the type of sensor
used in the array, the operational data of the array, the
frequencies of interest, and the type of DI calculation

[0029] The SENSOR DATA section of the graphical user
interface is illustrated in FIG. 5. It contains the options for
defining the directivity of the sensor used in the array. The
sensor can either be baffled by the array structure or retain
its free-field directivity response. If the sensor is baffled
by the array structure, the user should select the Baffled by
the array option on the user interface. If the behavior of the
sensor within the array is the same as it is within the free
field, the user should select the Not Baffled option.

[0030] There are four options for modeling sensor

directivity: (1) as a single sensor modeled with omni-

12



directional point receivers, (2) as a single sensor with cosine
function directivity, (3) as a single baffled ring, or (4) as a
single circular plane piston.

[0031] If the Sensor with Omni-Directional Point Receivers
option is selected, no further user action is necessary. The
actual data will be entered from the sensor data file as
described above. To model a sensor with omni-directional point
receivers, the system uses the following equation (a modified

version of equation (1))to calculate the pressure detected by an

array of omni-directional point receivers A4,:

A0, 4)= S, bl Aot

m=1

2 (10)

where subscript e denotes the acoustic array; 6, and dL are the

azimuthal and polar angles, respectively, relative to the sensor
coordinate system as illustrated in FIG. 2; M is the total
number of point receivers in the sensor; wem 1s the shading
coefficient of the m" point receiver; Xem, Vems and z.m,, are the
coordinates of the m" point receiver relative to the sensor
coordinate system; k;, k, and k are the wave numbers as given in
equations (4), (5), and (6); and ks = ks = kyx = 0 because the

point receivers within the sensor are not steered.
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To yield the directivity function of the sensor at all spatial
angles relative to the sensor coordinate system, the function A

1s normalized relative to its maximum value; thus

_ |46.4.)
H(6..4.)= max[4,(0,.4,)]

The values of the sensor directivity function H, are stored in a

(11)

matrix and later used as additional “weighting” coefficients in
equation (1) as the variable H.(@m@.m). The sensor directivity
matrix is two-dimensional, with the number of rows equivalent to
the angular increments in the polar direction and the number of
columns equal to the angular increments in the azimuthal
direction. The azimuthal and polar angles of a particular
sensor normal vector are used to “rotate” the matrix H, to
account for the angular direction of each sensor within the
array. The rotation of the matrix is mathematically performed
using equations (2) and (3).

[0032] If the Sensor with Cosine Funcﬁion Directivity option
is selected, the system user needs to select the corresponding
option (for example from a drop-down list box) to define whether
the directivity is being modeled with a cosine function or the

square of cosine:

cos(6), )sin(¢, )
He (ge ? ¢e ) - or

cos?(8, )sin*(g,)
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[0033] If the user selects the Baffled Ring option, then the
user needs to specify the values for four required parameters:
Ring Diameter, Ring Height, Length of Baffle, and Mode of
Vibration. The ring diameter (in meters) is referenced from the
outside surface of the ring receiver. The height of the baffle
is assumed to be the same as the height of the ring (in meters).
The length of the baffle coverage can only be entered in
integers from 0° to 360°. These three required dimensions of
the baffled ring are specified as shown in FIG. 7. The fourth
required parameter for baffled rings allows the user to operate
the ring receiver in the 0, 1, or 2 mode of vibration.

[0034] The present invention uses the theory of a vibrating
cylindrical element with infinite length to predict and support
experimental observations of the effects caused by ring
diameter, operation frequency, baffle coverage and mode of
vibration on the horizontal directivity (plane perpendicular to
the axis of the cylinder) of real baffled ring transducers. The
equation for the radiation of sound by a vibrating section of
cylinder from -4y<8<® with radius r, infinite height, and

operating in the free field, 1is

2 CU c ik|et=r
P(r,ga‘ﬁ):_};z - Fe*[ ]

ei[_r_, +%(2m+i)]

icos(m e{sin(m —b)a, sin(m+ b)avoj| iy

m—>b m+b (&4

m

m=0
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Where the variable p is density, ¢ is the speed -of sound Uj; is
the reference velocity on the surface of the vibrating element, f
is frequency, i is the square root of -1, k is the wavenumber,

and b is the mode of vibration of the cylindrical element (b = 0

= zero mode, b = 1 = one mode, etc.).

[0035] The coefficients y, and C, are defined by the following
equations:
Y= tan*-l Jm+| (x)_ Jm-i(x) : Cm = Jnl+l(x?_ Jm—l(x) (m > 0), (1 3)
Y, (x)-7,.,(x) 2sin(y,,)

where J and Y are Bessel functions of the first and second kind,
respectively, and the argument x=kr. For the case when m= 0,

the coeffeicients Cp and yp are defined by

af =J,(x) 2J,(x)
Yo = tan ‘[—‘};C T (14)
’ Y,(x) sin(y, )
when the argument (m+b) = 0, then
smOnib}%:zaw (15)
mtb

The theoretical directivity of a baffled ring transducer
operating in the free field at all spatial angles is calculated
by multiplying the directivity of a vibrating section of a
cylinder with infinitesimal length by the directivity of a
continuous line array with a length equivalent to the height of

the baffled ring transducer.

16



[0036] The pressure generated by a vibrating section of a

cylinder from -Gy<@<@8 with infinitesimal length is

2pCU ¢ ufa-r] 1
Llned= o J;e sin(9) e

f[y,_ +%{2m+l]:|

icos(mé‘{sm(m —bla, _sin(m +b)czni|e (17)
m

-b m+b '

m=0 m

Where the subscript #r represents thin ring. The coefficients

CO0, Cm, yn and y, are the same as in equations 15 and 14 except

the argument x = kr sin ¢. When ¢ = 0 and =

2
s, y0=7r(—J, (18)

and

C _ﬁ!(z)m“ __m(ijlm (19)
m 27: X ’?/m (m')z 2

It should be noted that equation 17 is equivalent to equation 12
when ¢ = w2.

[0037] To yield the directivity of a baffled ring receiver of
height % at all spatial angles, equation 17 is multiplied by the
directivity of a continuous line source of length kA and the

resulting equation is normalized by its maximum value.

Therefore

H.(0.4.)=| P:, ¢)H,,(¢) |
| 6..¢.)H,(.)]

(20)
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where the subscript e denotes the sensor; H, is the directivity
of the sensor; 6, and q% are the azimuthal and polar angles,

respectively, relative to the sensor coordinate system; and H, is
the directivity of a continuous line receiver of height A.

[0038] If the Circular Plane Piston option is selected for
modeling sensor directivity, the user only needs to specify the
Piston Diameter (in meters).

[0039] The OPERATIONAL DATA section of the graphical user
interface is illustrated in FIG. 5. It contains settings for
sound speed, angular integration increment, and steering. The
default sound speed value in sea water used is 1500 m/sec. The
user can change the sound speed (in m/sec) to match a specific
operating environment.

[0040] A value known as the Angular Integration Increment is
used to determine how finely the DI needs to be calculated.

This user selectable option impacts some options for steering
and beam pattern plotting. The default increment is 5°, but the
user can select other values in the drop-down list box for the
purpose of a convergence test. If a convergence test is needed,
it should be performed at the highest operating frequency of the
array, and the angular integration increment should be reduced

by at least one-half of the previous value until the DI
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calculation converges to an answer that is within a reasonable
amount of error.

[0041] The virtual array of sensors can be modeled with
azimuthal steering, polar steering, or no steering. If the
Array Steering option is selected, then the user needs to enter
the azimuthal and polar angles for the MRA of the array. The
azimuthal and polar steer directions are defined by the array’s
coordinate system as illustrated in FIG. 2. Only steer angles
that are multiples of the angular integration increment are
allowed. If the No Array Steering option is selected, then the
out-of-phase responses of all sensors to an incident wave are
used to compute the DI and the resulting beam patterns.

[0042] In the FREQUENCY DATA section of the graphical user
interface FIG. 5, the user can define what frequencies are to be
modeled. The array can be modeled either with a range of
operational frequencies or at a single frequency.

[0043] If the user wishes to calculate the DI at multiple
frequencies, then the user has to select the List of Frequencies
option. In order to make use of this option the user must
specify the name of a frequency data file that contains
frequency data arranged in a matrix or spreadsheet format with
rows and columns. The frequencies (in Hertz) are read from the

first column of the first spreadsheet in the frequency data
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file. The number of frequencies listed is directly related to
the execution time of the program.

[0044] The Single Frequency with Beampattern option is
selected when the DI is desired at a single frequency. This
option will also provide the user with a plot of the beam
pattern of the array at the requested frequency. The user is
required to enter the frequency (in Hertz), direction (azimuthal
or polar), and angle (0° to 180°) of the plane tﬁat contains the
desired beam pattern. Only plane angles that are multiples of
the angular integration increment are allowed. The plot of the
beam pattern is represented in decibel scale.

[0045] The REPLOT button is used to re-plot the beam pattern
of a single frequency after the DI calculation is made.

[0046] The DI calculation executes when the user selects the
CALCULATE DI option from the graphical user interface. The
output value of the DI (in decibels) is displayed on the
graphical user interface in the text box to the right of the
CALCULATE DI button and the button is then disabled. If a range
of frequencies was run, the user is directed to a directivity
index output file that contains the DI (in decibels) for each
frequency that was run.

[0047] The directivity index DI is calculated using the

following equation:

DI =10log,, DF, (21)
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where the directivity factor DF is given by

F= i . (22)

wol 14(6,-6.0.-0) |
j 6[|:max|.|Aa (90 —93,@‘1 - @,]J Slnwwe

0

[0048] The REPLOT button in the FREQUENCY DATA section of the
graphical user interface allows the user to view a beam pattern
in another plane after the DI calculation has been made. This
option is available only for an array modeled at a single
frequency. For an array modeled with multiple frequencies, the
REPLOT button stays disabled.

[0049] An example for the setup and execution of the system
and method to obtain the directivity index (DI) for a linear
array of baffled rings is provided below. In this example,
there are 17 baffled rings in the array, equally spaced 0.3 m
along the Z-axis. The array is centered at the origin of the
array’s coordinate system. The maximum response axis (MRA) of
each sensor is directed along the Y-axis. The baffled ring
diametér is 0.220 m, the height is 0.110 m, and the length of
the baffle is 180°. The mode of vibration of the rings can be
set to zero (0 mode). The maximum operating frequency of the
array is 4000 Hz, and the array has uniform shading.

[0050] In operation the system may be used according to the
following example for the setup and execution to obtain the

directivity index (DI) for a linear array of baffled rings. In
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this example, there are 17 baffled rings in the array, equally
spaced 0.3 m along the Z-axis. The array is centered at the
origin of the array’s coordinate system. The maximum response
axis (MRA) of each sensor is directed along the Y-axis. The
baffled ring diameter is 0.220 m, the height is 0.110 m, and the
length of the baffle is 180°. The mode of vibration of the
rings can be set to zero (0 mode). The maximum operating
frequency of the array is 4000 Hz, and the array has uniform
shading.

[0051] The first objective is to configure the array. A data
file is created that will contain the array parameters in a
matrix or spreadsheet format. The new array parameters for each
sensor (X-, Y-, and Z-coordinates; azimuthal angle; polar angle;
shading coefficient), are arranged one sensor per row, as shown
in FIG. 10.

[0052] The next objective is to delineate the frequencies of
interest. The directivity index for the array is calculated for
each frequency of interest. A data file is created that will
contain the frequency values in a matrix or spreadsheet format.
The frequencies (in Hertz) are arranged in the first column of a
spreadsheet, as shown in FIG. 11. The DI will be calculated for

each frequency entered into this file.
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[0053] The next objective is to select the appropriate array
data file. Using the Browse button on the GUI, find and select
the new array data file and then select Open.

[0054] The next objective is to choose the sensor data
parameters. In this example, each sensor is baffled by the
array structure. The user would therefore select the Baffled by
the array option. In this example the user also selects the
Baffled Ring option, and then, enters 0.220 for the Ring
Diameter, 0.110 for the Ring Height field, and 180 for the
Length of Baffle. Finally, the user selects 0 for the Mode of
Vibration.

[0055] The next objective is to choose the operational data
parameters. The user selects and enters the following: Sound
Speed: Enter 1500; Angular Integration Increment: Select the
largest value (5) from the list box (This will allow a quick
calculation to determine a “ballpark” DI value. The user can
experiment with smaller values later to maximize accuracy and
minimize computation time); Steering: Select srray Steering and
then enter 90 for the Azimuthal Steer Angle and 90 for the Polar
Steer Angle.

[0056] The next objective is to choose the frequency data
parameters. The user selects the Single Frequency with
Beampattern option. (Note that the array in this example uses

more than one frequency; but, in the spirit of quick
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calculation, use one frequency to speed up the experiments
involving different integration increments.) The user enters
4000 for the Single Frequency. The user selects Azimuthal from
the list box for the Beampattern Plane and enters 90 for the
Beampattern Plane Angle.

[0057] With the above entéred data, the program is ready to
calculate a directivity index. The user selects CALCULATE DI.
The output in this example is 18.518. Since a large Angular
Integration Increment (5°) was used in order to minimize the
computation time, this is just a rough estimate of the DI for
this array. The user may choose to re-examine the Angular
Integration Increment, and try a smaller integration increment.
The user may select 2 from the Angular Integration Increment
list box, and then chose the CALCULATE DI option. The output in
this example is 19.7345. This is equal to a 6.6% error from the
first value. The user may then choose a smaller integration
increment. The user selects 1 from the Angular Integration
Increment list box and then selects the CALCULATE DI option. The
output is 19.7416. This is less than a 1% error from the second
value. Thus, using an Angular Integration Increment of 2°
should provide the best accuracy for the minimum computation
time.

[0058] The user has the option of entering optimal

calculation parameters and then re-calculating a final DI value.
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The user can refer to the OPERATIONAL DATA section of the GUI
and select 2 from the Angular Integration Increment list box.
The user can then refer to the FREQUENCY DATA section of the GUI
and select the List of Frequencies option. The user can use the
Browse button to find the correct frequency file and then select
the CALCULATE DI option. The calculation is complete when the
output refers the user to an output file containing directivity
index values for the corresponding frequency values in the
frequency file.

[0059] In operation the system may be used according to the
following example for the setup and execution to obtain the
directivity index (DI) for a planar array of sensors with cosine
function directivity. In this example, the planar array
consists of five rows of sensors in the X-direction and five
columns of sensors in the Z-direction. The array is centered at
the origin of the array coordinate system, and the MRA of each
sensor points in the Y-direction. Hanning-function shading is
applied in the Z-direction. The maximum operating frequency of
the array is 2500 Hz

[0060] The first objective is to configure the array. A data
file is created that will contain the array parameters in a
matrix or spreadsheet format. The new array parameters for each

sensor (X-, Y-, and Z-coordinates; azimuthal angle; polar angle;
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shading coefficient), are arranged one sensor per row, as shown
in F1G. 10.

[0061] The next objective is to select the appropriate array
data file. Using the Browse button on the GUI, find and select
the array data file and then select Open.

[0062] The next objective is to choose the sensor data
parameters. In this example, each sensor is baffled by the
array structure. The user would therefore select the Baffled by
the array option. In this example the user also selects the
Sensor with Cosine Function Directivity option.

[0063] The next objective is to choose the operational data
parameters. The user selects and enters the following: Sound
Speed: Enter 1500; Angular Integration Increment: Select the
largest value (5) from the list box (This will allow a quick
calculation to determine a “ballpark” DI value. The user can
experiment with smaller values later to maximize accuracy and
minimize computation time); Steering: Select Array Steering and
then enter 90 for the Azimuthal Steer Angle and 90 for the Polar
Steer Angle.

[0064] The next objective is to choose the frequency data
parameters. The user selects the Single Frequency with
Beampattern option. The user enters 2500 for the Single
Frequency. The user selects Azimuthal from the list box for the

Beampattern Plane and enters 90 for the Beampattern Plane Angle.
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[0065] With the above entered data, the program is ready to
calculate a directivity index. The user selects CALCULATE DI.
The output in this example is 22.8887. Since a large Angular
Integration Increment (5°) was used in order to minimize the
computation time, this is just a rough estimate of the DI for
this array. The user may choose to re-examine the Angular
Integration Increment, and try a smaller integration increment.
The user may select 2.5 from the Angular Integration Increment
list box, and then chose the CALCULATE DI option. The output in
this example is 22.8892. This is less than a 1.0% error from the
first value. Therefore, using an increment of 5° should provide
the best accuracy for the minimum computation time. However,
the angular integration increment will remain 2.5° in order to
have well-defined beam patterns.

[0066] The user has the option of entering optimal
calculation parameters and then re-calculating a final DI value.
The user .can refer to the OPERATIONAL DATA section of the GUI
and select 2.5 from the Angular Integration Increment list box.
In the same section of the GUI the user can then change the
Polar Steer Angle to 97. The program should change the input to
97.5, which is a multiple of the Angular Integration Increment.
The user can then select the CALCULATE DI option. The output is
22.6131 and the resulting beam pattern is illustrated in FIG.

12.
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[0067] The primary advantage of this invention is that the
directivity of each sensor within the array is now dependent on
the shape and operating frequency of the sensor. The
directivity of the sensor is no longer restricted to a frequency
independent response that is either omni-directional or a cosine
function. The sensors used in the array can be modeled using
four different methods: (1) as a single sensor modeled with
omni-directional point receivers, (2) as a single sensor with
cosine function directivity, (3) as a single baffled ring, or
(4) as a single circular plane piston. If each sensor is
modeled with omni-directional point receivers, the sensor itself
can be in the form of one single point receiver, a line of point .
receivers, a plane of point receivers, or a volume of point
receivers. If each sensor is modeled with a cosine function,
the directivity of the sensor can either be cosine or the square
of cosine. If each sensor is modeled as a baffled ring, the
ring height, diameter, mode of vibration, and :length of baffle
coverage can be modified.

[0068] While it is apparent that the illustrative embodiments
of the invention disclosed herein fulfill the objectives of the
present invention, it is appreciated that numerous modifications
and other embodiments may be devised by those skilled in the
art. Additionally, feature(s) and/or element(s) from any

embodiment may be used singly or in combination with other
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embodiment (s). Therefore, it will be understood that the
appended claims are intended to cover all such modifications and
embodiments, which would come within the spirit and scope of the

present invention.
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Attorney Docket No. 97283

SYSTEM AND METHOD FOR CALCULATING THE DIRECTIVITY INDEX

OF A PASSIVE ACOUSTIC ARRAY

ABSTRACT

A software system and method is presented that calculates
the sensor directivity at all spatial angles, and stores these
values in a two dimensional matrix. These values are then used
as additional “weighting” coefficients in the equation for the
pressure detected by an array of directive sensors. The
azimuthal and polar angles of a particular sensor normal vector
are used to “rotate” the sensor directivity matrix to account
for the angular orientation of each sensor within the array.
The software system receives as input sensor and array geometry,
shading functions, sensor shape, array structure baffling,
steering, and shading. A sensor can have the shape of a point,
line, plane, volume, baffled ring, or circular plane piston.
The sensors within the array can either be baffled by the array
structure or retain their free field directivity response, and

array as a whole can have steering or no steering.
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